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Introduction 
The use of surface electromyographic (sEMG) signals in equine biomechanics research represents a 
growing area of interest. sEMG has primarily been used to understand muscle function during normal 
equine locomotion, but has also been used to investigate the effect of aging (Zsoldos et al., 2014), 30 
lameness (Zaneb et al., 2009), dental treatment (Williams et al., 2014) and back stiffness (Peham and 
Schobesberger, 2006) on equine muscle function. Unfortuantely, variation in the methods used for 
signal detection and processing in equine sEMG literature is problematic, making comparisons between 
studies difficult (Valentin and Zsoldos, 2016). As such, equine researchers are advised to follow the 
path of human sEMG, where standardised guidelines have been developed for sensor characteristics, 35 
muscle location, as well as signal detection, conditioning, and analysis (Winter et al., 1980; De Luca, 
1997; Stegeman and Hermens, 1998; Merletti, 1999; De Luca et al., 2010). A similar framework is 
needed for best practices in equine sEMG, where the unique challenges associated with detecting and 
processing sEMG data from equine subjects are considered. Valentin and Zsoldos (2016) outline these 
challenges, which include, but are not limited to: skin preparation for coats with excessive hair, dirt and 40 
oil, behavioural constraits and the location of sensors on larger muscles. These challenges restrict the 
use of human sEMG techniques in horses and establishing best practice guidelines for equine sEMG 
studies is therefore required. In recognition of this, we have initiated this development with a study that 
focuses solely on signal processing methods.  
 45 
Standards for human sEMG signal processing require the removal of low-frequency noise sources, 
generally accomplished using high-pass filtering (HPF) (Merletti, 1999; De Luca et al., 2010).  The 
low-frequency component of the sEMG frequency spectrum is highly susceptible to contamination from 
baseline and movement artefact noise sources, particularly when the signal is obtained during dynamic 
movements where electromechanical disturbances to the electrode-skin interface are expected (De Luca 50 
et al., 2010).  These noise sources introduce modifications to the raw signal that can alter one’s ability 
to interpret the data accurately. This is especially problematic for equine research, as the weight, speed 
and gait characteristics of horses will result in greater impact forces and resultant pertubations to the 
electrode-skin interface. Thus, a greater dependency on optimal filtering is likely for equine sEMG 
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signals. However, a recent systematic review revealed that most animal sEMG studies fail to report, or 55 
do not describe, the use of HPF to remove low-frequency noise (Valentin and Zsoldos, 2016). In an 
effort to develop standardised guidelines for equine sEMG signal processing, research should develop 
best practice in a systematic manner that follows the incremental signal processing steps outlined in 
human guidelines. Thus, the determination of optimal HPF techniques, offers a systematic starting point 
for informing equine sEMG signal processing guidelines and will form the focus of this study.  60 
 
The development of standardised HPF guidelines requires consideration of multiple factors, including 
filter type, filter order, types of low-frequency noise sources and the cut-off frequency required to 
attenuate these sources. In human literature, the determination of optimal HPF cut-off frequency has 
received considerable attention (Van Boxtel et al., 1998; Van Boxtel, 2001; Brown et al., 2009; Potvin 65 
and Brown, 2004; De Luca et al., 2010) and has been described as a compromise between reducing 
noise and artefact contamination, while preserving the desired muscle activation information from the 
signal (Winter, 2009; De Luca et al., 2010). In human research, qualitative comparisons of the power 
spectra of HPF signals (Van Boxtel et al., 1998; Van Boxtel, 2001; De Luca et al., 2010) and quantitative 
comparison of signal loss values, calculated using the RMS envelope of HPF signals (De Luca et al., 70 
2010), are generally used to determine the attenuation rates of movement artefact and sEMG signal 
components, as a function of cut-off frequency. These studies recommend the use of a HPF cut-off 
frequency ≥ 20 Hz for most applications (Van Boxtel et al., 1998; Van Boxtel, 2001; De Luca et al., 
2010). In equine sEMG research, HPF cut-off frequencies of 10 Hz (Harrison et al., 2012), 20 Hz 
(Hodson-Tole., 2006; Crook et al., 2010; Harrison et al., 2012) and 40 Hz (Kienapfel, 2015; Kienapfel 75 
et al., 2018) have been reported.  No known studies have employed the methods described in human 
literature to determine the optimal HPF cut-off frequency for equine sEMG signals.  Furthermore, while 
the energetic component of the sEMG signal containing low-frequency noise sources has been well-
studied in human recordings, the same cannot be said for equine data. Therefore, an investigation of 
HPF cut-off frequency may serve to provide an initial understanding of low-frequency noise 80 
contamination in equine sEMG signals. From here, future research could examine other factors, such 
as optimal filter type and order, which are required for the development of standardised guidelines.  
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This study aims to determine the optimal HPF cut-off frequency for attenuating movement artefact 
noise from equine sEMG signals. We adopted an approach similar to that described in human studies 85 
(Van Boxtel et al., 1998; Van Boxtel, 2001; De Luca et al., 2010) where sEMG signals are HPF with 
various cut-off frequencies, subjected to power spectral analysis and enveloped using RMS to calculate 
spectral peaks, indicative of motion artefact, and signal loss, respectively. Optimal cut-off frequency is 
then determined by comparing the attenuation rates of sEMG signals, based on visual examination of 
power spectra and statistical analysis of RMS signal loss data, as a function of cut-off frequency. In an 90 
effort to understand the effect of equine gait on the generation of movement artefact noise, sEMG 
signals are obtained from the Triceps Brachii (long head) (TB) and Biceps Femoris (vertebral head) 
(BF) during trot and canter. BF and TB represent large muscles from the equine forelimb (FL) and 
hindlimb (HL), respectively, and were chosen due to their differing size, thickness and function (Payne 
et al., 2005a,b). sEMG signals are further segmented into kinematic stance and swing phases because 95 
of reported differences in skin displacement noise  (van Weeren et al., 1990a, b; Hjerten et al., 1994). 
It is hypothesised that equine sEMG signals will exhibit low-frequency noise contamination that will 
vary depending on muscle and gait. Due to the highly dynamic nature and high vertical forces reported 
during the equine gaits studied (Merkens et al., 1993a,b), it is also hypothesised that the sEMG signals 
studied will require a higher cut-off frequency than those reported in human literature. As the first study 100 
of its kind, its intent is to quantify noise contamination of the low-frequency component of the equine 
sEMG spectrum and demonstrate the importance of HPF in equine sEMG signal processing. Thus, it is 
envisaged that findings from this study will form a preliminary framework and should be treated as a 
starting point for future research to develop comprehensive guidelines for equine sEMG signal 
processing.  105 
 
Methods 
Ethical approval was obtained from the University of Central Lancashire’s Animal Projects 
Committee (RE/13/04/SH, RE/13/01/SH). Written informed consent was obtained from all 
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horse owners, riders and handlers. Due to the preliminary nature of this work, data from 110 
existing data sets were employed, where data were collected for three separate studies 
exploring the kinematics and muscle activity patterns of trot and canter. The same data 
collection techniques were employed by the same researchers across all studies, but different 
equine subjects were used for each study. 
 115 
Horses 
Data were collected from 20 horses (age: 11.2 ± 3.7 years, height: 153.9 ± 8.9 cm, sex: 12 geldings, 8 
mares, breed: various). All horses were in training and free from lameness, as defined by their owner. 
Data were collected from 10 horses during in-hand trot, and from 10 horses during ridden canter. Horses 
were ridden by riders with similar experience and ability. Unridden horses were trotted in-hand by one 120 
experienced handler. 
 
Equipment set-up, skin preparation and sensor fixation 
sEMG data were collected from BF and TB using wireless sEMG sensors (Trigno™, Delsys Inc., USA), 
with a bi-polar parallel bar electrode configuration and an inter-electrode distance of 10 mm. Prior to 125 
data collection, all hair was removed from electrode sites. Sensor sites for BF were approximately 
halfway between the third trochanter and patella, and approximately 9 cm cephalad to the cranial margin 
of Semitendinosus (Schuurman et al., 2003) (Figure 1a). Sensor sites for TB were midway between the 
olecranon and proximal point of scapular spine, measured at an angle of 50 degrees from a line drawn 
between the olecranon and intermediate tubercle of humerus (Hodson-Tole, 2006) (Figure 1b). 130 
Following warm-up, sensor sites were thoroughly cleaned using isopropyl alcohol wipes. A small 
amount of saline solution was applied to the electrode bars to act as an electrolytic solution (Cram and 
Rommen, 1989; Clancy et al., 2002). Sensor adhesion was achieved using a combination of Delsys 
Adhesive Surface Interface strips (Delsys Inc., USA) and strips of double-sided tape, which were 
applied to the top and bottom of the sensor next to each electrode pair. The sensor was positioned on 135 
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the muscle belly so that the electrode bars were oriented perpendicular to the underlying muscle fibre 
direction (De Luca, 1997; Hermens et al., 2000).  
 
Three-dimensional kinematic data were collected using eight Qualisys Oqus cameras (Qualisys AB, 
Sweden), positioned side-by-side in a linear configuration. An extended calibration was conducted to 140 
collect data from multiple strides and produced a calibration volume approximately 8 m in length.. 
Spherical retro reflective markers, (25 mm diameter) were positioned over anatomical landmarks as 
described in Holt et al., 2017 and Figure 1 using double-sided tape.  
 
Insert Figure 1  145 
Data Collection 
Data were collected using Qualisys Track Manager (QTM) software (Qualisys AB, Sweden). Kinematic 
(232 Hz) and sEMG (2088 Hz) data were synchronously acquired using an external trigger system 
(Delsys Trigger Module, Delsys Inc., USA). A static trial was first recorded from each horse, which 
then progressed through the capture volume during in-hand trot or ridden canter. Riders and handlers 150 
were instructed to position horses adjacent to placing poles, positioned approximately 4.5 m from the 
cameras to demarcate the optimal capture volume. A minimum of six trials were collected from each 
horse. Three canter trials were collected from the left and right lead. Horses were permitted to travel at 
their preferred velocity. 
 155 
Data processing and analysis 
Raw sEMG signals were differentially amplified by a factor gain of 909, a CMRR of > 80 dB and an 
internal Butterworth high-pass (20 ± 5 Hz cut-off, > 40 dB/dec) and low-pass filter (450 ± 50 Hz cut-
off, >80 dB/dec). Kinematic data were tracked in QTM and imported into Visual3D (C-Motion Inc., 
USA) for further analysis. Kinematic data were interpolated and low-pass filtered (Butterworth 4th 160 
order), with a cut-off frequency of 12 Hz, as determined using residual analysis. FL and HL hoof impact 
and lift-off events were calculated from kinematic data in accordance with Holt et al. (2017), using the 
FL and HL sagittal plane angles illustrated in Figure 1. Angle-time curves were plotted for FL and HL 
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sagittal plane angles. An angle of zero degress was observed when the two segments were aligned and 
was used as a threshold for gait event detection for the FL and HL, with hoof impact and lift-off 165 
coinciding with descent and ascent and through zero degrees, respecitively (Holt et al., 2017). 
Kinematic gait events were applied to sEMG signals to segment the signal into stance and swing phase 
(Figure 2). TB and BF were chosen to represent FL and HL muscles, respectively. Therefore, FL gait 
events were applied to TB signals and HL events applied to BF to ensure that muscle activity was 
directly related to the kinematics of the associated limb. A constant delay of 20 ms between kinematic 170 
and sEMG data was corrected for by shifting sEMG signals forward by 5 frames prior to applying 
kinematic gait events. To calculate stride velocity, the first derivative of the croup marker was calculated 
and the average velocity was calculated between consecutive HL impact events.  
Insert Figure 2. 
High Pass Filtering of Raw sEMG Signals 175 
sEMG data from individual stance and swing phases were exported from Visual3D into Delsys 
EMGworks (Delsys Inc., USA) for further analysis. Due to the pre-existing nature of the data set, data 
from each muscle and gait combination were not available across all horses. Therefore, from the group 
of 20 horses, data from five different horses were analysed for each of the four muscle and gait 
combinations investigated (TB trot (n=5), TB canter (n=5), BF trot (n=5), BF canter (n=5)). No horse 180 
contributed to more than one group. sEMG signals from stance and swing phase were DC offset 
removed and, in accordance with (Kienapfel, 2015; Kienapfel et al., 2018), were HPF using a 
Butterworth 4th order filter. HPF cut-off frequencies (n ranging between 10 – 80 Hz), were applied to 
each signal in 10 Hz increments. An unfiltered signal was retained for each signal, resulting in nine 
representative sEMG signals for each stance and swing phase.  185 
 
Power Spectral Analysis and RMS Filtering of Signals  
The power spectral density of each HPF signal was calculated using a Hanning window (Fast Fourier 
Transformation (FFT) length: 0.25 s, window length: 0.125 s, window overlap: 0.0625 s). HPF signals 
were also enveloped using a moving Root Mean Square (RMS) window (window length: 0.06 s, 190 
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window overlap: 0.03 s). FFT and RMS window length were based on average stance and swing 
duration of 0.32 ± 0.05 s and 0.32 ± 0.04 s, respectively, across all horses and gaits. 
 
Calculation of Signal Loss (%) 
In accordance with De Luca et al. (2010), mean (± SD) signal loss (%) was calculated using the mean 195 
RMS value from each signal. Signal loss (%) was calculated in accordance with equation 1. Residual 
signal (%) was used as a method for examining attenuation rates and was calculated in accordance with 
equation 2. Figure 3 shows an example of signal loss and residual signal (%) data from one stance and 
swing phase signal.  
1. 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (%) =  �𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑝𝑝𝑓𝑓�
𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
  200 
2. 𝑅𝑅𝑅𝑅𝐿𝐿𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (%) =  𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑝𝑝𝑓𝑓
𝑅𝑅𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 
Where RMSfull is the mean RMS value of the HPF unfiltered signal (3 dB filter bandwidth = 0 Hz to 
400 Hz) and RMShpf is the mean RMS value of the HPF filtered signal (3 dB filter bandwidth =  n Hz 
to 400 Hz, where n = 10, 20, 30, 40, 50, 70, 80) 
Insert Figure 3. 205 
Analysis of Processed Signals 
Qualitative and quantitative analysis were performed to examine the effect of HPF cut-off frequency 
on sEMG signal quality, power spectra and RMS signal loss. Residual signal loss is inversely 
proportional to RMS signal loss values, thus statistical analyses were performed on signal loss data 
only, which were tested for normality using Shapiro-Wilks tests. Repeated measures one-way ANOVAs 210 
were employed to compare the effect of increasing cut-off frequency increments (10 Hz) on RMS signal 
loss data from each muscle and gait. Significance was identified at P<0.05 and post hoc pairwise 
comparisons were conducted using a Bonferroni correction where significant main effects were found. 
Qualitative and quantitative findings were used to provide empirical evidence for which filter setting 
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elicited the highest signal quality through reduction of low-frequency noise sources, while maximally 215 
retaining the true sEMG signal (De Luca et al., 2010).  
 
Results  
A total of 236 stance and 184 swing phases were analysed across both gaits and muscles. Stride velocity 
for trot and canter were 3.4 ± 0.5 m/s and 4.7 ± 0.5 m/s, respectively across all horses executing each 220 
gait.  The effects of different HPF cut-off frequencies on representative sEMG signals, power spectra 
and RMS signals are presented in Figures 4 – 7 and demonstrate that, as cut-off corner frequency 
increased, the amplitude of the raw sEMG and RMS signals decreased. Visual and quantitative 
inspection of RMS data revealed that signals began to conform when cut-off frequencies ≥30 Hz were 
applied, exhibiting corresponding activity patterns and incremental decreases in amplitude (Figures 4 – 225 
7c, e). As cut-off frequency increased beyond the 40 - 50 Hz range, the amplitude of the signals 
continued to decrease, but to a noticeably lesser degree. Visual inspection of frequency spectra revealed 
a consistent low-frequency peak between 0 – 20 Hz, which was fully attenuated when cut-off 
frequencies of 30 – 40 Hz were applied. This pattern was visually observed across all stance and swing 
phase data from both muscles and both gaits. (Figures 4 – 7b, d).  230 
 
Mean ± sd signal loss (%) and residual signal loss (%) values for each 10 Hz cut-off frequency increment 
across all muscles and gaits are illustrated in Figure 8.  Pairwise comparisons are presented in Table 1 
and show that increasing cut-off frequency intervals (10 Hz) resulted in significant increases in signal 
loss (P<0.05) across the majority of muscles and gaits. The greatest rate of signal loss was generally 235 
exhibited between 10 – 30 Hz increments, with significant increases (P<0.05) in signal loss observed 
between 20 – 30 Hz across all muscles and gaits. Non-significant changes in signal loss were mainly 
observed between 10 – 20 Hz, apart from BF during canter and TB during trot swing phase. Increases 
in cut-off frequency >30 Hz produced lower, but mainly significant, average signal losses of 2.0-9.5% 
between each 10 Hz increment across all muscles and gaits, apart from 70 – 80 Hz cut-off frequency 240 
intervals, which were largely non-significant. For BF canter stance data (Figure 8b), a comparatively 
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lower, but significant, average signal loss of 7.3 ± 1.4% was found across all 10 Hz increments and 
resulted in a relatively linear increase in signal loss with increasing cut-off frequency increment. 
Expectedly, mean ± sd residual signal loss (%) data is a mirror image of the signal loss curve, which 
subsequently intersect at 50% when residual and signal loss are equal (Figure 8). Ultimately, this 245 
intersection provides a quantitative representation of the point where the amount of attenuated signal is 
equal to the amount of remaining signal following HPF. When considered as a function of cut-off 
frequency, an intersection point at 30 – 40 Hz was observed for the majority of conditions, apart from 
TB swing phase and BF stance phase data during canter, which intersected between 20 – 30 Hz and 70 
– 80 Hz, respectively.  250 
Insert Figures 4 – 8, Table 1 
Discussion  
In this study, data from 20 horses of varying age, size, breed and training level were employed to 
produce a comprehensive dataset of over 400 sEMG signal recordings. Two muscles from the equine 
FL and HL, with differing size, thickness and function (Payne et al., 2005a,b) were investigated to 255 
further diversify the dataset. It was hypothesised that these variables, along with the known kinematic 
and kinetic differences between gaits, would elicit varying magnitudes of low-frequency noise 
contamination in sEMG signals.  However, a low-frequency peak, contained between the 0 – 20 Hz 
bandwidth, where artefact signal are known to contribute, was consistently observed in power spectra 
from signals across all horses, muscles and gaits. Therefore, the hypothesis that low-frequency noise 260 
contamination would vary depending on muscle and gait was rejected in this study. Qualitative and 
quantitative analysis of processed signals revealed that application of a 30 – 40 Hz cut-off frequency 
resulted in full attenuation of the low-frequency peak, while maximally retaining the non-artefact 
portion of the sEMG signal spectra. Therefore, findings from this study support the hypothesis that the 
attenuation of low-frequency noise in equine sEMG signals requires a higher cut-off frequency than 265 
those reported in human literature (De Luca et al., 2010).  
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Data from human subjects have revealed that the energetic component of movement artefacts in human 
sEMG signals generally occurs within the 0 – 20 Hz frequency range (van Boxtel, 2001; Clancy et al., 
2002; De Luca et al., 2010; Wang et al., 2013), where muscle activation information is minimal and 270 
“unstable”, due to unreliable fluctuations of motor unit firing rates (De Luca 2002; De Luca et al., 
2010). In De Luca et al. (2010), they adopted a method of deconstructing the human sEMG signal into 
baseline noise, motion artefact and true sEMG signal components, where movement artefact signals 
were mainly contained between 0 – 20 Hz. The dynamic nature of the tasks employed in this equine 
study meant that it was not possible to induce and analyse isolated movement artefact, as in the De Luca 275 
et al. (2010) study. However, the low-frequency peak, which was consistently observed in equine sEMG 
signals across all horses, muscles and gaits between 0 – 20 Hz, is in accordance with the spectral 
component of movement artefact signals from human literature. To the authors’ knowledge, this is the 
first study to illustrate contamination of the low-frequency component of the equine sEMG spectrum, 
from which HPF cut-off can be analyzed.  280 
 
An optimal HPF cut-off frequency has been described as a compromise between maximally attenuating 
noise and artefact contamination, while minimally supressing the low-frequency muscle activation 
component of the signal (van Boxtel et al., 1998; van Boxtel, 2001; Winter, 2009; De Luca et al., 2010). 
Visual inspection of power spectral plots in this report consistently showed that a cut-off frequency 285 
between 30 – 40 Hz attenuated the low-frequency peak, while preserving much of the signal power 
between 20 – 200 Hz. Uncontaminated human sEMG signals have been reported to exhibit a relatively 
linear decrease in amplitude with increasing cut-off frequency (De Luca et al., 2010), which was 
observed in this study from quantitative analysis of RMS signals HPF with 40 – 80 Hz cut-offs (Figures 
4 – 7c, e). This suggests that a cut-off > 40 Hz may result in gradual removal of the low-frequency 290 
components of the true equine sEMG signal.  Visual examination of sEMG signals, presented in Figures 
4 – 7, reveal considerable movement artefact attenuation when HPF filtered with a 40 Hz cut-off, which 
was reinforced by significant increases in RMS signal loss. Although continual reduction in movement 
artefact is evident when 60 and 80 Hz cut-offs are applied, this reduction was accompanied by 
significant increases in signal loss across muscles and gaits. This trade-off is especially apparent in 295 
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Figure 7a and provides further support for the use of a 30 – 40 Hz cut-off frequency to preserve the true 
sEMG signal.  
 
In De Luca et al., (2010), increasing HPF cut-off frequencies were found to have a greater effect on the 
noise component signal (baseline noise plus movement artefact), which experienced signal loss ranging 300 
from 69 – 83% following application of a 30 Hz cut-off frequency (De Luca et al., 2010). In comparison, 
a 30 Hz cut-off frequency resulted in signal loss ranging from 4 – 7% for the true sEMG signal 
component (De Luca et al., 2010). In this equine study, it was not possible to separate the noise 
component from sEMG signals; therefore, combined signal loss from the noise and true sEMG 
components of signals are reported. The degree of signal loss reported by De Luca et al. (2010) for the 305 
noise component signal was similarly observed in this study when cut-off frequencies ≥ 40 Hz were 
applied to equine sEMG signals (Figure 8). This suggests that application of a 30 – 40 Hz cut-off 
effectively attenuates movement artefact in equine sEMG signals, but may also suppress some of the 
true sEMG signal. This may be especially relevant for swing phase of TB during trot, which exhibited 
a comparatively greater rate of signal loss with increasing cut-off intervals (Figure 8c). In contrast, 310 
increasing cut-off frequencies resulted in comparatively smaller, albeit significant, increases in signal 
loss for BF stance phase data during canter (Figure 8b). This finding may indicate that BF signals 
contain comparatively less energy distribution within the low-frequency range for this task, although 
further research is required to confirm this.  
 315 
As hypothesised, the recommended HPF cut-off frequency of 30 – 40 Hz for equine sEMG is higher 
than recommendations from human literature, where systematic investigations have suggested a HPF 
cut-off frequency of ≥20 Hz (van Boxtel et al, 1998; van Boxtel, 2001; De Luca et al., 2010). However, 
De Luca et al. (2010) and Wittek et al. (2001) recommend that it may be necessary to increase the 20 
Hz cut-off frequency for dynamic applications that exceed the body segment accelerations and loading 320 
patterns of general movements. During canter, vertical forces of up to 1.5 times the horses’ mass 
(approximately 500 kg for an average horse) have been observed (Merkens et al., 1993a). It is therefore 
13 
 
not surprising that a higher cut-off frequency of 30 – 40 Hz was required to remove movement artefact 
from sEMG signals, obtained during highly dynamic equine gaits.  
 325 
A cut-off frequency range of 30 – 40 Hz is in agreement with previous equine sEMG studies that report 
using a HPF with a 40 Hz cut-off (Cheung et al., 1998; Kienapfel, 2015; Kienapfel et al., 2018), but do 
not provide a justification for why this cut-off frequency was chosen. Findings from this study indicate 
that, while previously employed cut-off frequencies of 10 and 20 Hz (Hodson-Tole., 2006; Crook et al., 
2010; Harrison et al., 2012) are more likely to preserve the low-frequency component of the equine 330 
sEMG signal, they are not appropriate for completely attenuating the noise components. It is evident 
that many equine sEMG studies rely solely on the internal bandwidth of sEMG systems for noise 
attenuation. However, findings from this study suggest that this may not be appropriate and that 
additional high-pass filtering is required to achieve full attenuation of low-frequency noise ≤ 20 Hz, as 
the ideal “brick wall” response of signal filters is not realised. This is illustrated in Figure 9, which 335 
demonstrates why filter design must be considered alongside cut-off frequency when evaluating the 
degree of artefact attenuation. In the current study, a 4th order, zero-lag Butterworth HPF was applied 
during post-processing, which provides a sharper roll off (steeper transition slope) than the 2nd order 
HPF with a cut-off frequency of 20 ± 5 Hz applied during signal recording.  Thus, a residual portion of 
the signal, which contained movement artefact, was not attenuated completely using the internal 340 
bandwidth of the EMG system. This is also evidenced by significant increases in signal loss observed 
across all muscles and gaits when 20 – 30 Hz cut-offs were applied post-processing. Determining the 
optimal filter design (i.e. order) for attenuating low-frequency noise in equine sEMG signals represents 
an area for future research.  
Insert Figure 9 345 
Limitations and future work 
Although this study is the first to provide empirical data for selecting the  HPF for processing equine 
sEMG signals during gait, it focusses on a limited set of conditions and signal processing 
considerations. Thus, the recommendations for cut-off frequencies reported in this study should be 
viewed as a starting point for additional research to develop a comprehensive set of equine sEMG signal 350 
14 
 
guidelines. In this study, only two equine muscles and gaits were investigated, which cannot be directly 
extrapolated to other muscle groups and gaits without further empirical data.  Additional research is 
therefore required to determine whether the suggested cut-off of 30 – 40 Hz is appropriate across a 
range of equine muscles, movements and tasks. FL and HL muscles were specifically chosen for this 
study due to their known functional differences in gait (Payne et al., 2005a,b) and the fact that they are 355 
primarily active during stance phase in trot and canter where motion artefact from impacts with the 
ground are produced. Future work is required to determine the appropriateness of the recommended 
cut-off frequency for muscles that are primarily active during swing phase, where the source of motion 
artefact may be more related to changes in velocity.  
 360 
Although we did not have the opportunity to design this study a priori using a single cohort of animals, 
we were able to acquire data from n=5 horses for each muscle and gait combination studied, which is 
in accordance with previous sEMG studies employing a sample of 4 – 6 horses (i.e. Robert et al., 1999, 
2000, 2001a,b, 2002; Hodson-Tole, 2006; Zsoldos et al., 2010a,b). Differences in the size, stride length 
and velocity between horses also meant that each horse contributed a varying number of stance and 365 
swing phases to the data set. This limitation can be addressed in future studies by standardizing the 
number of strides and velocity for each horse. 
 
Many of the limitations in this study are related to the use of sEMG recording procedures, which may 
not be optimal. For example, the sensor locations used in this study follow protocols from  previous 370 
equine studies to promote consistency, rather than because they are optimal. Within the context of the 
larger development framework for equine sEMG standards, studies to assess the effect of sensor 
location on noise must also be established. These studies must consider other factors that could not be 
fully mitigated in this study, such as the impact of cross-talk and innervation zones, which have not 
been investigated in equine subjects. The choice of a 4th order Butterworth HPF was also based on 375 
maintaining consistency with recent equine sEMG studies that specified this filter design (Kienapfel, 
2015; Kienapfel et al., 2018) and to elimanate filter design as a confounding factor when studying the 
15 
 
effects of HPF cut-off. Different types of filters may however be more appropriate for other muscle 
groups and applications.  
 380 
Based on findings from this study and the known variation in HPF cut-off across equine sEMG studies 
(Valentin and Zsoldos, 2016), sufficiently high variability in noise contamination within equine sEMG  
signals are likely to influence the validity and comparability of findings between studies.  Further 
research is therefore required to understand the effect of HPF on the validity of gait outcome measures. 
The effect of HPF may be especially important for outcome measures such as muscle activity onset/ 385 
offset event detection, where appropriate attenuation of baseline noise and movement artefact are 
required to increase signal-to-noise ratio and reduce detection of type I errors (Bonato et al., 1998; 
Merlo et al., 2003; Benedetti et al., 2012).  
Conclusion 
Within the context of the larger development framework for equine sEMG standards, this study 390 
represents the first in depth examination of HPF filter settings for maximizing the attenuation of 
movement artefact contamination in equine sEMG data. Findings suggest that a HPF cut-off frequency 
between 30 – 40 Hz is an optimal setting for equine sEMG signals collected from the TB and BF during 
trot and canter. It is recommended that future equine studies apply appropriate HPF techniques to ensure 
that outcome measures and their interpretation are obtained from uncontaminated sEMG signals.  395 
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Captions to Figures  
 
Figure 1a) anatomical kinematic marker locations used to create sagittal plane angle for hindlimb hoof 
impact and lift-off gait events: 1, hind distal interphalangeal joint; 2, metatarsalphalangeal joint; 3, talus. 
Kinematic marker attached over croup for stride velocity calculation (4). b) anatomical kinematic 595 
marker locations used to create sagittal plane angle for forelimb hoof impact and lift-off gait events: 4, 
fore distal interphalangeal joint; 5, metacarpalphalangeal joint; 6, lateral epicondyle of humerus. sEMG 
sensors applied over 8, Triceps Brachii and 9, Biceps Femoris muscles. 
 
Figure 2. sEMG signal from Biceps Femoris during canter illustrating HL hoof impact (green line) and 600 
hoof lift-off (red line) events.  Stance and swing phase are illustrated by blue and purple shaded areas, 
respectively. Note: signal is DC offset removed and high-pass filtered (Butterworth 4th order) with a 
50 Hz cut-off, which was chosen at random to illustrate the phasic activity pattern of the signal in 
relation to the kinematic gait events.  
 605 
Figure 3. RMS signal loss and residual signal (%) data from sEMG signals obtained from the Triceps 
Brachii during one stance and swing phase at trot. 
 
Figure 4. a.) Representative sEMG signals from Biceps Femoris from one horse during canter. Data are 
time normalised across one canter stride. Green and red vertical lines represent kinematic HL hoof 610 
impact and lift-off events, respectively. Corresponding power spectra (b. and d.) and RMS enveloped 
signals (c and e) for stance and swing phase data. 
 
Figure 5. a.) Representative sEMG signals from Triceps Brachii from one horse during canter. Data are 
time normalised across one canter stride. Green and red vertical lines represent kinematic FL hoof 615 
impact and lift-off events, respectively. Corresponding power spectra (b. and d.) and RMS enveloped 
signals (c and e) for stance and swing phase data.  
 
Figure 6. a.) Representative sEMG signals from Biceps Femoris from one horse during trot. Data are 
time normalised across one trot stride. Green and red vertical lines represent kinematic HL hoof impact 620 
and lift-off events, respectively. Corresponding power spectra (b. and d.) and RMS enveloped signals 
(c and e) for stance and swing phase data. 
22 
 
 
Figure 7. a.) Representative sEMG signals from Triceps Brachii from one horse during trot. Data are 
time normalised across one trot stride. Green and red vertical lines represent kinematic FL hoof impact 625 
and lift-off events, respectively. Corresponding power spectra (b. and d.) and RMS enveloped signals 
(c and e) for stance and swing phase data.  
 
Figure 8. Mean ± sd RMS signal loss (%) (solid line) and residual signal (%) (dashed line) for stance 
(blue lines) and swing phase (orange lines) from Biceps Femoris during a.) trot and b.) canter and 630 
Triceps Brachii during c.) trot and d.) canter. 
 
Figure 9. Magnitude response of Butterworth high-pass filters with a 20 Hz cut-off frequency 
illustrating the relative cut-off sharpness of varying orders (n = 1, 2, 4, 8). Adapted from De Luca 
(2003). 635 
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Table 1. Mean difference (MD), 95% confidence intervals (95% CI) and p values (P) for 780 
mean RMS signal loss (%) data between increasing 10 Hz cut-off frequency increments. 
*Significant difference between mean RMS signal loss (%) data for increasing 10 Hz cut-off 
frequency increments (i.e. 10 Hz RMS signal loss vs. 20 Hz RMS signal loss) for the 
corresponding muscle, gait and stance or swing phase combination. 
 Cut-off Frequency Increment (Hz) 
10 vs 
20 
20 vs 
30 
30 vs 
40 
40 vs 
50 
50 vs 
60 
60 vs 
70 
70 vs 
80 
Tr
ic
ep
s B
ra
ch
ii 
Tr
ot
 S
ta
nc
e 
MD -19.06 -21.67* -13.42* -8.36* -5.64* -4.12* -3.09 
95 % 
CI 
-41.82, 
3.69 
-34.80, 
-8.54 
-20.03, 
-6.81 
-14.60, 
-2.11 
-10.49, 
-0.79 
-8.00, 
-0.24 
-6.22, 
0.04 
P 0.10 0.01 0.00 0.02 0.03 0.04 0.05 
Sw
in
g 
MD -27.24* -18.31* -10.51 -6.12 -3.93* -2.74* -2.01* 
95 % 
CI 
-53.57, 
-0.90 
-23.74, 
-12.88 
-21.85, 
0.83 
-12.69, 
0.46 
-7.50, 
-0.36 
-5.14, 
-0.35 
-3.79, 
-0.24 
P 0.04 0.00 0.07 0.07 0.04 0.03 0.03 
C
an
te
r S
ta
nc
e 
MD -16.58 -16.88* -13.32* -9.48* -6.41* -4.64* -3.65 
95 % 
CI 
-43.75, 
10.58 
-31.29, 
-2.47 
-21.47, 
-5.17 
-13.99, 
-4.96 
-10.36, 
-2.45 
-8.97, 
-0.30 
-7.79, 
0.50 
P 0.30 0.03 0.01 0.00 0.01 0.04 0.08 
Sw
in
g 
MD -18.89 -17.78* -11.62* -7.74* -5.60* -4.24* -3.28* 
95 % 
CI 
-38.20, 
0.42 
-28.67, 
-6.89 
-19.44, 
-3.80 
-14.98, 
-0.49 
-10.76, 
-0.44 
-7.39, 
-1.10 
-5.25, 
-1.31 
P 0.05 0.01 0.01 0.04 0.04 0.02 0.01 
B
ic
ep
s F
em
or
is
 
Tr
ot
 S
ta
nc
e 
MD -15.06 -18.58* -12.14* -7.65* -5.51* -4.25* -3.34* 
95 % 
CI 
-36.39, 
6.28 
-32.99, 
-4.16 
-19.06, 
-5.21 
-11.73, 
-3.56 
-9.69, 
-1.33 
-7.97, 
-0.53 
-6.41, 
-0.27 
P 0.18 0.02 0.01 0.00 0.02 0.03 0.04 
Sw
in
g 
MD -18.19 -16.77* -11.95* -7.91* -5.40* -3.76* -2.71 
95 % 
CI 
-38.94, 
2.56 
-28.27, 
-5.27 
-15.76, 
-8.14 
-11.96, 
-3.86 
-9.14, 
-1.66 
-7.00, 
-0.52 
-5.39, 
-0.03 
P 0.08 0.01 0.00 0.00 0.01 0.03 0.05 
C
an
te
r S
ta
nc
e 
MD -6.94* -9.14* -8.95* -7.94* -6.93* -6.12* -5.36* 
95 % 
CI 
-10.74, 
-3.13 
-12.72, 
-5.56 
-13.14, 
-4.75 
-12.90, 
-2.98 
-9.85, 
-4.01 
-8.06, 
-4.18 
-7.44, 
-3.27 
P 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
Sw
in
g 
MD -21.25* -14.29* -9.36* -6.31* -4.62* -3.57 -2.87 
95 % 
CI 
-41.45, 
-1.06 
-19.99, 
-8.59 
-11.50, 
-7.21 
-9.37, 
-3.25 
-8.10, 
-1.13 
-7.44, 
0.31 
-6.74, 
0.99 
P 0.04 0.00 0.00 0.00 0.02 0.07 0.15 
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